Prostate cancer is one of the most common malignancies affecting men worldwide. High mortality rates from advanced and metastatic prostate cancer in the United States are contrasted by a relatively indolent course in the majority of cases. This gives hope for finding methods that could direct personalized diagnostic, preventative, and treatment approaches to patients with prostate cancer. Recent advances in multiparametric magnetic resonance imaging (MP-MRI) offer a noninvasive diagnostic intervention which allows correlation of prostate tumor image characteristics with underlying biologic evidence of tumor progression. The power of MP-MRI includes examination of both local invasion and nodal disease and might overcome the challenges of analyzing the multifocal nature of prostate cancer. Future directions include a careful analysis of the genomic signature of individual prostatic lesions utilizing image-guided biopsies. This review examines the diagnostic potential of MRI in prostate cancer.
Introduction
Adenocarcinoma of the prostate gland remains the most common solid organ malignancy in men in the United States with an estimated 233,000 new diagnoses and 29,480 deaths in 2014, representing 10% of all cancer related mortality in men. 1 Despite this high incidence, the vast majority of men identified with prostate cancer will never actually die of the disease, with approximately one in 36 men diagnosed dying of prostate specific mortality (http://www.cancer.org/cancer/prostatecancer/ detailedguide/prostate-cancer-key-statistics).
Great strides have been made in improving the mortality from prostate cancer. Mortality rates fell significantly in industrialized countries which is contributed in part by the widespread application of curative treatment of patients diagnosed in the early stages of disease. 2 Unfortunately, this progress has come hand in hand with the overtreatment of many men who are likely to have never died of their prostate cancer. Distinguishing between clinically significant and indolent prostate cancers in men diagnosed in early stages of malignancy is a major focus of current inquiry. Presently established clinical paradigms utilizing serum prostate specific antigen assays and screening tools such as systematic transrectal ultrasound-guided biopsy suffer from poor sensitivity and specificity 3, 4 and ultimately lead to both overdetection of low risk indolent lesions as well as missed cancers of high oncologic risk. This clinical uncertainty is reflected in the high upgrading rate between clinical predictions of cancer significance and true pathologic findings after radical prostatectomy, occurring nearly 30% of the time. 5 As a result, neither clinician nor patient can completely rely on clinical staging information to predict indolence and many men turn to invasive and radical treatment even in the setting of predicted low risk cancer.
A great deal of investigative effort has been made in improving and removing this uncertainty. Given consistent technologic improvements, it is not surprising that genomic and proteomic characterization of prostate cancer is being aggressively sought. A major limitation to the effective genomic and proteomic characterization of prostate cancer is its multifocal nature. 6 Strategies of diagnosis or treatment that ignore tumor heterogeneity will not distinguish the specific underlying genomic aberration that creates true malignant transformation as it will aggregate the results from a myriad of prostate lesions of varying risk to the patient.
Recent advances in the radiologic imaging of patients with prostate cancer, specifically those protocols which utilize 3 Tesla magnetic resonance imaging (MRI) coupled with an endorectal coil, have improved the signal-to-noise ratio of image acquisition and have achieved a revolutionary improvement in temporal and spatial resolution. 7 This imaging clarity has finally offered adequate insight into the three-dimensional anatomy of the gland to allow identification and characterization of individual prostate tumor lesions within the gland.
Moreover, by utilizing the combination of conventional anatomic MRI with advanced functional MR sequences (known as multiparametric imaging, including diffusion weighted imaging (DWI), dynamic contrast enhanced [DCE] imaging, and spectroscopy) a wealth of biophysical information can be gathered about the tissue that has finally allowed true radiologic discernment between individual prostate cancer lesions and benign areas of the prostate ( Figure 1 ). 8, 9 Initial reports at centers utilizing MRI in guiding diagnostic biopsy have shown it to be superior to established techniques of random sampling in the clinical diagnosis of disease. 10, 11 In this review, we aim to describe new imaging and localization techniques available to characterize prostate cancer which will ultimately be useful in distinguishing underlying biologic behavior of individual prostate cancer lesions and aid in correlative genomic and proteomic studies.
Multiparametric magnetic resonance imaging (MP-MRI)
MP-MRI is a noninvasive imaging technique, which has superior characteristics over competing imaging such as ultrasound and computed tomography (CT). Recent technologic advancements including high field strength magnets (3 T and greater) and new magnetic coil designs (including endorectal coil and multichannel surface coils) as well as advancements in software and computational algorithms have allowed the addition of more complex functional imaging to clinical imaging. Here, we describe the four component parameters of a MP-MRI study. 
T2-weighted MRI
T2-weighted anatomic imaging is the most commonly used and widely available imaging sequence. This sequence provides excellent delineation of prostate zonal anatomy, borders, and surrounding tissues (Figure 1(a) ). 8 Normal prostatic tissue exhibits relative high T2 signal intensity in the prostate peripheral zone (the origin of most adenocarcinoma lesions) and lower signal intensity in the central gland. Classically, prostate cancer lesions are noted to exhibit low signal intensity, a characteristic most easily visualized in the peripheral zone due to its normally higher signal intensity. Thus, rare transitional zone and central gland lesions are much more difficult to identify in this sequence. In addition, many benign conditions can mimic this appearance of low signal intensity (such as inflammation). As a result, when relying on only this parameter approximately half of lesions are missed. 12 Also, not surprisingly, lesion size has significant impact on detection, with larger tumors (1 cm) nearly always visualized and smaller tumors (<5 mm) much more likely missed. 13 Owing to the detail of T2 imaging, it is the most helpful sequence for assessing local invasion into surrounding tissues. Detection of this local invasion has clinical relevance as it decreases the likelihood of cure from local therapy. Such invasion can be seen most overtly as direct invasion into the periprostatic fat. In addition, other findings suggestive of local invasion are irregularity of the gland margin, capsular bulge, and a low signal area within the seminal vesicles (which normally exhibit very high signal intensity). The results from such local staging predictions are not perfect, however, and absence of findings may occur in the setting of true disease with reports of diagnostic sensitivity ranging from 50 to 60%. 14, 15 Diffusion weighted MRI (DW-MRI) DW-MRI sequences can detect and quantify the Brownian motion of water within tissue in vivo. 16 As this relates to cellular density, cell permeability, and free water diffusion within the interstitial spaces, DW-MRI can assess tissue structural architecture and differentiate benign issue from malignant tissue. Benign tissue exhibits high signal intensity as it normally allows free water to diffuse with relative ease. In the malignant setting, relatively higher nuclear:cytoplasmic ratio and loss of extracellular spaces due to cellular proliferation results in decreased free water diffusion and thus relatively lower signal intensity on DW-MRI ( Figure 1(b) ). 17 Furthermore, DW-MRI findings have been significantly correlated to underlying histopathologic grade and clinical risk scores, 18 which allows some prediction of tumor histopathologic behavior based on radiologic findings. Downsides of DW-MRI include its relatively poor spatial resolution (especially in comparison to T2-weighted MRI), which limits the ability to evaluate staging using this sequence in isolation. In addition, DW-MRI is more challenging to interpret in the central gland as the presence of benign hyperplastic (BPH) associated nodules in this area of the prostate can mimic the low signal intensity of malignant lesions. 19 Despite this, addition of DW-MRI to standard anatomic T2-weighted imaging has been demonstrated to improve diagnostic accuracy. 12 Dynamic contrast-enhanced magnetic resonance imaging (DCE-MRI) DCE-MRI allows assessment of tissue vascular supply by acquiring T1-weighted images continuously before, throughout, and continuing after the injection of an MRI detectable contrast agent (i.e. gadolinium). Signal increase during this protocol results from blood supply to the tissue of interest. Differentiation between normal and malignant tissue is possible, as cancers have a typical imaging signature owing to their disordered angiogenesis (Figure 1 (c) and (d)). Malignant tissue is correlated with early uptake and early washout (temporal imaging) of vascular contrast. 20 These changes are most easily seen in larger lesions and in lesions, which are of higher grade. In addition, similar to T2-weighted and DWI-MRI, lesions in the central gland are more challenging to differentiate as BPH nodules themselves can show early uptake, though they do not classically have the rapid washout typical of malignant lesions. DCE-MRI has been shown to have higher diagnostic power than T2W sequences alone, especially in lesions larger than 5 mm. 21 Similar to DWI, DCE-MRI sequences have relatively poor spatial resolution (in comparison to T2weighted MRI) which limits the ability to evaluate staging using this sequence in isolation. However, it is felt to be most useful in the assessment of treatment effects in settings where the prostate gland remains in situ.
Magnetic resonance spectroscopic imaging (MRSI)
Nuclear magnetic resonance spectroscopy(MRS) is possible in situ using MRSI, which allows relative quantification of metabolites within the tissue of interest. In this technique, the tissue of interest is divided into discrete areas (volumes of interest) known as voxels. For each voxel, a spectra of electromagnetic (EM) radiation is acquired which represents a fingerprint of the composition of the volume. These data can be used to differentiate benign from malignant tissue. Benign prostate cancer typically harbors high levels of citrate, which can be detected as a specific peak on MRSI spectra. In the setting of cancer, the increased cellular turnover results in a relatively high concentration of choline, also detectable on the MRSI spectral curve. From these data, the relative concentration of choline:citrate can be calculated, with increased ratios signifying malignant changes. The addition of MRSI has been shown to improve diagnostic accuracy over T2-weighted imaging alone, with especially high specificity. 22 Some challenges to this technique are that inflammation can mimic citrate:choline signal changes and that spatial resolution (similar to DWI and DCE-MRI) is not as good as T2-weighted MRI in the aid of local staging. In addition, some centers report that it is technically challenging and on some platforms it increases acquisition times limiting its widespread utilization. 
MP-MRI-combining imaging parameters for improved diagnostic power
As each individual parameter is capturing orthogonal data, the combination of them has been demonstrated to have improved diagnostic power over each individual in isolation. Using careful histopathologic correlation of radical prostatectomy specimens, it has been demonstrated that a lesion identified has a positive predictive value of 98%, with excellent sensitivity especially in larger lesions of clinical significance (>5 mm). 22 
Iron oxide imaging in lymph node MRI in prostate cancer patients
In addition to local staging within and immediately around the prostate gland, accurate lymph node staging is critical for treatment planning in patients with prostate cancer, and its implication on prognosis has been well studied. [23] [24] [25] In patients with high-risk prostate cancer (prostate-specific antigen >20 ng/dL, Gleason 8, or extra-prostatic spread), there is a high risk of biochemical recurrence after localized treatment, eventually leading to metastasis and death. 26 The 5-year survival rates depend on the total number of metastatic lymph nodes and range from 75 to 80% in patients with a single metastatic node to only 20-30% in patients more than five metastatic nodes. 27 In most patients, the initial seeding of metastatic cells occurs in pelvic lymph nodes, so the status of the pelvic lymph nodes largely determines the appropriate management of the primary tumor. 28 Surgical pelvic lymph node dissection with histopathological examination is the most common method of assessing lymph node status; however, extended pelvic node dissection is a technically challenging surgery and is associated with higher complication rates such as lymphocele, deep venous thrombosis, pelvic hematoma, fever, and urinary retention that may result in longer hospital stays. 29 Thus, there is an urgent clinical need for a reliable preoperative imaging method demonstrating metastatic involvement of lymph nodes, which could improve the completeness of lymph node removal by targeting malignant nodes to be removed. Furthermore, by identifying metastatic lymph nodes preoperatively, imaging may help improve oncologic outcomes or render a complete lymph node dissection unnecessary when imaging shows no metastatic lymph nodes.
Current available imaging techniques for the detection of metastatic lymph nodes in patients with prostate cancer include CT and MRI of the abdomen and pelvis, which both primarily depend on size criteria to distinguish malignant nodes from benign ones. According to the response evaluation criteria in solid tumors, a lymph node is considered metastatic if the short-axis measurement is 1.5 cm. 30 However, the use of these criteria may result in false negatives in metastatic lymph nodes of normal size and false positives in benign enlarged lymph nodes due to inflammation or infection. 31, 32 CT offers high spatial resolution and rapid image acquisition while MRI provides excellent anatomical detail and soft-tissue resolution. However, these conventional imaging methods have limited sensitivities ranging from 24 to 78% and 27 to 69% for the detection of metastatic lymph nodes. [33] [34] [35] [36] [37] [38] [39] [40] An imaging method incorporating both anatomical and functional information for accurate imaging of pelvic lymph nodes is needed in prostate cancer treatment planning.
MR images can be improved by the use of contrast agents containing ultrasmall particles of iron oxide (USPIO), which are taken up by macrophages in lymph nodes, thus allowing visualization of early histological changes caused by infiltrating tumor cells, even before the lymph nodes have enlarged. 41 The USPIO agent is injected intravenously and then passes through capillary walls and is taken up by the reticuloendothelial system allowing particles to drain into lymph nodes. 42 Within normal lymph nodes, the USPIO agent is internalized by macrophages and accumulates within the node, causing a signal drop on T2 MR images, whereas lymph nodes with metastatic involvement retain their preenhancement signal characteristics. 43, 44 Several studies have shown the utility of lymph node MR imaging using USPIO agents in patients with prostate cancer. Harisinghani et al. reported the usefulness of USPIO-enhanced MRI in the detection of small lymph node metastases in 33 patients with prostate cancer using the USPIO particle ferumoxtran-10. 41 Heesakkers et al. compared image quality of USPIO (ferumoxtran-10) enhanced MRI with 1.5 T and 3 T systems in 48 patients with prostate cancer and concluded that 3 T systems provide improved image quality and lymph node border delineation. 45 The same group also recently showed the utility of USPIO enhanced MRI for the detection of lymph node metastases outside the area of routine pelvic lymph node dissection in 41% of 58 patients with prostate cancer. 46 USPIO-enhanced MRI has several limitations, including the need to perform imaging precontrast and 24-36 h postcontrast due to the slow accumulation of the contrast agent within lymph nodes. Furthermore, the USPIO agent ferumoxtran-10 has been studied by many groups but requires slow administration through a filtered needle over 15-30 min to minimize hypersensitivity reactions. Though available for use in research settings, it is not currently available for clinical use in the United States and Europe. Further studies examining the use of USPIO-enhanced MRI in lymph node imaging are needed.
Harnessing MRI data: Capturing lesion-specific tissue samples
Once this detailed mapping of the prostate and its inclusive tumors is completed, a second more challenging issue arises of how to reach this tissue and isolate it specific to prostate lesional anatomy. New strides in this effort have been aided by technological advancements in on-demand additive manufacturing (3D-printed) molds of a patient's prostate gland (based on segmentation data from T2-weighted anatomic data). 22 By utilizing a computer aided prostate segmentation algorithm, and aided by manual corrections by a trained prostate radiologist, the boundaries of the prostate can be mapped and a digital 3D solid object model can be calculated from the patients' MRI imaging data. This 3D solid object data can then be used to make a patient-specific mold which is personalized to the exact anatomy of the patient. The mold is designed with specifically placed grooves which correspond to the MRI slice levels. In this way, the gross anatomic pathologist can make a cut which exactly corresponds (with six axis accuracy) to the MRI imaging slice (Figure 2 ). These efforts have allowed precise 1:1 correspondence between MRI data and histopathology. This advance has allowed for the publication of numerous reports which demonstrate excellent correlation of MR and histopathology. 8, 22, 47 If the whole gland is not available (on autopsy or following radical prostatectomy), there are additional MRI-guided biopsy approaches newly available. These effectively allow in situ lesion-specific sampling utilizing transperineal or transrectal biopsy. New breakthroughs using fusion ultrasound/MRI have even allowed this MRI-guided lesional specific tissue sampling to be performed on an outpatient basis on a patient using local anesthesia only. 48 Can characteristics of MRI lesions be diagnostic?-Defining the genomic signature of MRI lesions associated with aggressive prostate cancer Correlation of physical features of MRI-identified lesion with specific genetic signatures will aid in evaluation of diagnostic potential of MP-MRI. Using genome-wide analysis of exomeand gene-specific mutation, as well as copy number variations (CNV) and methylation studies, changes specific to each lesion can be identified as compared to healthy prostate tissue. These genomic changes may parallel findings on MP-MRI. The size of the tumor lesion, characterized by T2 weighted imaging, may be correlated with TMPRSS:ERG, AR, and PTEN mutations, as well as key changes in methylation. 49, 50 Disordering of the tissue, characterized by DWI, may be correlated with BRCA2 and TP53 deficiency, 51 or WNT16B mutations, 52 as well as tumor-specific methylation changes 53 and/or CNV variations. 54 Disruptions in angiogenesis, characterized by DCE imaging, may be correlated with mutations in vascular endothelial factor (VEGF) family, hypoxia-inducible factor (HIF) family, mTOR and PTEN mutations. Finally, altered metabolic activity in the tissue, characterized by MRS, may be correlated with TP53, Rb, and PTEN mutations, as alterations in these genes can lead to increased cell turnover. 55 By using these key mutations to create a genetic signature for an MRI lesion, genomic analysis can provide important prognostic information regarding tumor progression.
Prostate tumor progression can be modeled in vivo in the mouse
Mice have proven to be quite important for better understanding of prostate cancer initiation and tumor progression mechanisms as well as tumor sensitivities to investigational drugs. [56] [57] [58] Low incidence of prostate pathology in the mouse 59, 60 and knowledge of mouse genetics and availability of genetically engineered mouse model strains for several tumor drivers, and availability of probasin-driven Cre strain 61 permitted modeling of the loss of heterozygosity hypothesis in the mouse. Use of Nkx3.1 promoter driven Cre may allow better targeting of genetic inactivation in the luminal epithelium. 62 Simultaneous use of the frt-mediated deletion 63 and Cre recombination might expand the possibilities of genetic targeting in the mouse to include time-controlled or sequential inactivation of genes. Blueprint for translational use of mice in cancer has been demonstrated for acute promyelocytic leukemia (APL) 64 and now it is applied for prostate cancer 65 and other types of cancer. 66 Key drivers of prostate tumorigenesis in the human also induce pathology in the mouse. These include TP53, Figure 2 A customized mold is fabricated using three-dimensional segmentation data from the MRI scan. Grooves are placed in the mold, which specifically correspond to the location of the MRI slices throughout the prostate gland aiding whole mount sectioning. In this way, gross pathology specimens can be carefully correlated to MRI imaging data Vourganti et al. Defining the radiobiology of prostate cancer progression 809 c-MYC, TMPRSS2-ERG rearrangements, RB, and PTEN. Modeling Pten as a second hit to disruption of the gene that initiates PIN modulates prostate tumor progression in the mouse such as Nkx3.1 67 or PI3 kinase. 68 New developments in mouse prostate cancer modeling include lymph node metastasis model 69 and conditional knockout of the adaptor protein Abi1 that produces PIN due to actin cytoskeleton dysregulation. 70 Phenotypic signatures of genetic interactions of two or more genes may be potentially evaluated by MRI 65, 71 to model physical changes observed in human patients.
Conclusion
The advancement of prostate cancer treatment will ultimately require a better understanding of underlying tumor biology. As a heterogeneous, multifocal disease with widely varying behavior, it is imperative to identify specific underlying predictive factors which can more accurately guide therapy decisions. Recent advances in imaging have allowed for specific radiologic characterization of primary lesions as well as nodal and distant foci of disease. By harnessing this information and combining it with in vitro and genomic characterization, great strides in our understanding of prostate cancer behavior can be made.
